Positron lifetime spectroscopy was applied to investigate the thermal stability of nanocrystalline copper prepared by severe plastic torsion deformation. Positrons annihilating in as prepared specimens exhibited free positron component τ1 and two defect components r 2 = 164 ps and r3 = 255 ps. Evolution of the lifetimes and relative intensities of all the three components with increasing annealing temperature during step-by-step isochronal annealing up to 630°C was studied. Behaviour of positrons in nanocrystalline copper could not be interpreted in the frame of conventional 3-state trapping model due to highly inhomogeneous defect distribution. Therefore a modified trapping model was developed and applied to explain the experimental results.
Introduction
Refining of grain size to submicron and nano-scale is a promising way how to improve mechanical properties of metallic materials. Nanocrystalline (NC) metals and alloys exhibit indeed, despite of other unusual properties, enhanced mechanical parameters including high strength and ductility [1] . Variety of technologies of pro-. ducing NC materials have been developed so far, e.g. gas condensation method [2] , rapid solidification during spark erosion [3] etc. Recently a method of processing NC metals and alloys based on severe plastic deformation (SPD) has been worked out [4] .
Main feature of NC materials is significant volume fraction of grain boundaries (GB's). Previous studies [5] have shown that NC materials prepared by SPD *Corresponding author. E-mail: jcizek@mbox.troja.mff.cuni.cz (487) consist of two types of regions with different physical properties. Distorted layers with high dislocation density can be found along GB's while the regions inside grains are almost defect-free and have the same structure as in conventional coarse-grained material [5, 6] .
Technical application of NC materials is essentially determined by thermal stability of NC structure. The present paper deals with investigation of structure evolution of nanocrystalline copper (n-Cu) with increasing annealing temperature by means of positron lifetime spectroscopy. Recent study of n-Cu thermal stability [7] by transmission electron microscopy (TEM), differential scanning calorimetry (DSC), electrical resistance and X-ray diffraction (XRD) clearly revealed that substantial changes of distorted regions structure connected apparently with GB dislocations precede the grain growth.
Experimental details
Positron lifetime spectrometer was similar to the fast-slow one described in [8] . The main difference was in using of summing of energy signals in slow branch. This technique is presented in [9] . Time resolution of the spectrometer was 150 ps (FWHM for 22 Na) and typical coincidence counting rate was 58 s -1 . At least 13 x 10 6 counts were collected in each spectrum. Measured positron lifetime spectra (PLS) were decomposed by means of maximum-likelihood procedure [10] .
Disc shaped n-Cu specimens (Φ12 mm x 0.15 mm, purity 99.99%) were prepared by severe plastic torsion deformation as described in [4] . The samples were subjected to step-by-step isochronal annealing with effective heating rate 1°C/min from 70 up to 630°C. Each annealing step was finished by quenching and positron lifetime measurement at room temperature.
Application of empirical positron stopping profile [11] shows that ≈ 1% of positrons will escape through the back side of the sample if the 22 Na positron source 1.3 MBq) is sandwiched between a pair of the specimens. Therefore additional identical sample was added at each side of the sandwich with purpose to prevent undesired leakage of positrons through back side of the sample and their annihilation in the air. All the four specimens were then annealed together. It was found that PLS of this multisandwich does not depend on the order of individual specimens.
Results and discussion

Coarse-grained copper
Coarse-grained copper (Φ9 mm x 0.5 mm, purity 99.999%) was used as a reference specimen for determining of source components and bulk lifetime of copper. The sample was annealed at 850°C for 30 min. After annealing it exhibited well-recrystallized state with homogeneous coarse grains of mean linear size about 1 mm. PLS of this sample was, except of two source contributions, purely single-component with lifetime This value can be attributed to the Cu bulk lifetime in good agreement with . literature findings [12, 13] .
As-prepared state of n-Cu
PLS of as-prepared state of n-Cu was decomposed into three components (except of two source components). Lifetimes and relative intensitive of these components are shown in Table. TABLE PLS components of as-prepared state of n-Cu.
The shortest component τl can be obviously attributed to free positrons. Components r2, r3 originate from positrons trapped at defects in distorted regions.
Lifetime r2 did not exhibit any temperature dependence during annealing (see Fig. la ), only scattering around a mean value which is close to the Cu dislocation lifetime τD = 164 ps [14] . Therefore all spectra were subsequently refitted with r2 fixed at value τD with purpose to decrease uncertainty of decomposition and to eliminate correlation between τ2 and other parameters. In the following discussion, only the results of this second decomposition are considered.
Migration of monovacancies was observed to start below 0°C in plastically deformed Cu [15] or around 0°C both in quenched [16] and electron irradiated Cu [17] . Doppler-broadening measurement on plastically deformed Cu [17] showed a marked annealing step around room temperature and did not indicate any formation of vacancy agglomerates. It is generally accepted that higher density of defects decreases their effective migration energy which implies a lower temperature of recovery. In our case the high dislocation density in distorted regions increases number of possible sinks for monovacancies. It means that the migration stage of monovacancies may be shifted even to lower temperatures for the present specimen. Therefore the component r2 is assumed to be a contribution of dislocations and no contribution of single monovacancies is considered. This assumption is supported by high thermal stability of this component (Fig. lb) and no temperature dependence of τ 2 (Fig. la) .
TEM studies of n-Cu [7] revealed high dislocation density in distorted regions. Moreover, XRD investigations [6, 7] showed strongly non-uniform distribution of dislocations. Therefore we assume that the component r2 comes from positrons trapped by dislocations in distorted regions.
The third component with lifetime r3 is connected with larger defects whose free volume roughly corresponds to that of about 5 monovacancies [17] . In previous positron lifetime investigations of NC metals prepared both by GCM [18] and SPD [19] the authors denoted these defects as "nanovoids". "Nanovoids" are expected to be situated at intersections of GB's ("triple points"). Because of their high thermal stability (Fig. lb) "nanovoids" seem to be some structure elements of NC structure. Recently similar thermal stability of "nanovoids" was found also in n-Cu prepared by GCM [18] . Our interpretation is also supported by positron lifetime study of deformed polycrystalline Cu [13] which revealed presence of dislocation component with almost temperature independent lifetime 160 ps and another component with characteristic lifetime 270 ps.
Three-state conventional trapping model (CTM) [11] cannot be applied in interpretation of measured PLS for the following reasons. Usual test of CTM self-consistency consists in checking of validity of equation Clearly Eq. (1) is not satisfied which is direct indication that the assumptions of CTM are not fulfilled.
It is necessary to take into account the existence of two completely different environments in NC materials: defect-free regions inside grains and distorted regions along GB's. Therefore a modified trapping model (MTM) was developed in the present work. The new symbols used in the model are listed below. λB = 1/τB -annihilation rate of free positrons. λD = 1/τD -annihilation rate of positrons at dislocations. λN = 1/τN -annihilation rate of positrons in "nanovoids" (TN is positron lifetime in "nano voids"). nB(t) -probability that positron is alive as free at time t. nD(t), nN(t) -probability that positron is trapped at time t by a dislocation or "nanovoid", respectively. KD , KN -trapping rate at a dislocation and "nanovoid", respectively, for positron situated inside distorted region. rl -volume fraction of distorted regions. Assumptions of MTM can be summarized as:
1. Positrons annihilate in the non-distorted regions from free state only, however, inside distorted regions all positrons annihilate from trapped state in dislocation or "nanovoid". 2. Positrons can move among distorted and non-distorted regions by diffusion.
Probability that free positron will be found in a distorted region equals η. (Table) and AB. The following solution was obtained:
Self-consistency of MTM application can be verified using relation similar to Eq. (1) Trapping coefficients KD and KN are directly correlated with dislocation density and "nanovoid" concentration, respectively. Dislocation density in non-distorted regions is considerably smaller than that in distorted regions. Hence, mean dislocation density can be expressed as where specific positron trapping rate for Cu dislocations νD can be estimated by comparison with ρD = 1 x 10 14 m -2 measured by XRD on the same state of the material [7] . The estimation is All "nanovoids" are situated inside distorted regions, therefore, one can write for their mean concentration On the assumption that free volume of a "nanovoid" is about 5 vacancies, we can approximate specific positron trapping rate ν N for "nanovoids" by νN~5ν1v , where ν1v = (1.2 ± 0.2) x 10 14 s-1 at. is specific positron trapping rate for Cu monovacancy [11] . Thus the estimated mean concentration of "nanovoids" is
Isochronal annealing of n-Cu
Lifetimes and relative intensities of individual components as a function of annealing temperature are shown in Figs. la and lb, respectively. Application of MTM gives information about behaviour of volume fraction of distorted regions ?i with increasing temperature see Fig. 2a . The estimation of temperature dependence of mean dislocation density ρD and "nanovoid" concentration cN obtained using Eqs. (9) and (10), respectively, is shown in Fig. 2b . In all cases the application of MTM is fully justified by satisfying Eq. (7). It should be pointed out that the estimation of cN is only a poor approximation because the increase in τ3 with increasing temperature (Fig. la) is not taken into account. Figure la shows the increase in lifetime of "nanovoids" with increasing annealing temperature. This effect may be caused by change of non-equilibrium GB's towards equilibrium GB's which is connected with relaxation of elastic stresses. Such changes were observed by TEM in various NC materials prepared .by SPD, e.g. in [5] .
Several stages can roughly be recognized in annealing curves of relative intensities (Fig. lb) .
-Below 130°C no changes occur.
-In the temperature range 130-280°C, I2 exhibits substantial decrease and there seems to be a little increase in I 3 . However, mean dislocation density ρ D r e m a i n s c o n s t a n t a s o n e c a n s e e f r o m F i g . 2 b . T h e r e f o r e , t h e d e c r e a s e i n1 2 i s probably due to rearrangement of dislocations and narrowing of distorted regions. The latter is clearly indicated by decrease in η (Fig. 2a) . Smooth increase in I 3 if any, is rather surprising but one can see the same effect also on cN (Fig. 2b) . It may appear as a consequence of reducing dislocation shielding around "nanovoids" due to narrowing of distorted regions. This means that actual value of mean concentra- [ a t .
-1
] . Note that the similar increase in the component with lifetime of about 270 ps was also observed during isochronal annealing of deformed Cu [13] .
-Above 280°C, decrease in ρ D begins (Fig. 2b ) and is accompanied with decrease in I2 (Fig. lb) . On the other hand, the mean concentration of "nanovoids" remains approximately constant in the temperature range 280-370°C (Fig. 2b) . Thus no grain growth occurs below 370°C.
-At temperature 370°C, rapid decrease in I3 starts. It is direct indication of grain growth onset which is supported also by observed decrease in cN (Fig. 2b) . Mean lifetime shown in Fig. 3 is approximately constant up to the onset of grain growth (370°C). Then this quantity decreases with increasing annealing temperature. From Fig. lb one can realize the decrease in I2/I3 ratio at temperatures region below 370°C, where I2 decreases but "nanovoids" are not being annealed out yet. Nevertheless, above 370°C grain growth occurs and "nanovoids" recover more rapidly than dislocations. This is reflected by a positive slope of temperature dependence of the I2/13 ratio.
Conclusion
1. Positrons are trapped by dislocations or "nanovoids" in distorted regions of n-Cu prepared by SPD. Highly non-uniform defect distribution does not allow the application of CTM.
2. Considerations consequentially based on NC structure lead to development of MTM. Behaviour of positrons in n-Cu prepared by SPD can be self-consistently interpreted in terms of this model. 3 . Rearrangement of dislocations accompanied with decrease in mean dislocation density with increasing temperature precedes grain growth. The onset of grain growth can be clearly recognized at 370°C due to decrease in mean concentration of "nanovoids".
